Abstract. Sickle cell disease (SCD) is characterized by microvascular occlusion mediated by adhesive interactions of sickle erythrocytes (SSRBCs) to the endothelium. Most in vitro flow adhesion assays measure SSRBC adhesion during continuous flow, although in vivo SSRBC adhesive interactions occur during pulsatile flow. Using a well-plate microfluidic flow adhesion system, we demonstrate that isolated SSRBCs adhere to vascular cell adhesion molecule (VCAM-1) at greater levels during pulsatile versus continuous flow. A significant increase in adhesive interactions was observed between all pulse frequencies 1 Hz to 2 Hz (60-120 beats/min) when compared to non-pulsatile flow. Adhesion of isolated SSRBCs and whole blood during pulsatile flow was unaffected by protein kinase A (PKA) inhibition, and exposure of SSRBCs to pulsatile flow did not affect the intrinsic adhesive properties of SSRBCs. The cell type responsible for increased adhesion of whole blood varied from patient to patient. We conclude that low flow periods of the pulse cycle allow more adhesive interactions between sickle erythrocytes and VCAM-1, and sickle erythrocyte adhesion in the context of whole blood may better reflect physiologic cellular interactions. The microfluidic flow adhesion bioassay used in this study may have applications for clinical assessment of sickle erythrocyte adhesion during pulsatile flow.
Introduction
The unique adhesive properties of sickle erythrocytes (SSRBCs), first described over 3 decades ago [17, 21] , are believed to mediate microvascular occlusion in sickle cell disease (SCD). The adhesive properties of SSRBCs have been well-studied in basic science laboratories [6, 20, 30, 45] , but are not yet utilized at the bedside to predict risk of vaso-occlusive (VOC) complications, select therapy, or monitor response to therapy in patients with SCD. An important reason adhesive properties are not assessed clinically is that standardized functional adhesion assays are currently unavailable.
Since SSRBC adhesive properties were first described in static adhesion assays [17, 21] , assays to measure SSRBC adhesion have continued to evolve (Table 1) . To simulate in vivo flow conditions, Table 1 Flow Adhesion System Comparison Parellel plate flow chamber 3, 6, 53 Microfluidic chip 38, 45 Well plate microfluidics 11 laboratory-designed parallel plate flow adhesion (PPFA) assays were utilized to study sickle erythrocyte adhesion under physiologic flow conditions [2, 15, 46] . Although PPFA assays have advanced over the years, their low throughput, longer setup times, lack of standardization, and high blood and reagent consumption have made them impractical tools for clinical testing. Microfluidic-based assays have been used more recently to study SSRBC adhesion [18] , and offer the advantage of smaller blood and reagent requirements, shorter set-up time, improved standardization, and a more physiologic microenvironment [7, 14, 40, 48] . As a result, microfluidic-based flow adhesion assays provide a platform for clinical bioassays measuring SSRBC adhesive properties during physiologic flow conditions. Despite pulsatile flow adaptability most microfluidic flow adhesion assays use flow delivery systems that drive continuous blood flow, similar to the earlier PPFA assays on which most of our understanding of SSRBC adhesive interactions is based. SSRBC adhesive interactions contributing to vaso-occlusion predominate in the region of the post-capillary venule [26, 27, 41, 42] , which is still under the influence of arterial pulsations [34, 36] . Additionally, the microvascular blood flow in patients with SCD has been shown to have a more pulsatile or periodic flow pattern compared to unaffected control patients [31, 35] . Pulsatile blood flow has been shown to have specific influences on cell behavior, such as increasing platelet adhesion to immobilized collagen and increasing cell-surface exposure of P-selectins [49] . Therefore, it is plausible that pulsatile blood flow may similarly augment adhesive interactions of SSRBCs and other cellular components of whole blood. The influence of pulsatility on SSRBCs in vitro may provide insight into how in vivo hemodynamics influence SSRBC adhesion.
Parallel
Sickle cell disease is associated with increased circulating cytokines [10] , which increase the surface expression of vascular cell adhesion molecule (VCAM-1) and creates a proadhesive surface for SSRBCs [3, 37] . Very late antigen-4 (VLA-4) or ␣4␤1 integrin is one of the most characterized RBC adhesion molecules [17, 38] which support avid adhesion between SSRBCs and endothelial VCAM-1 [11, 16, 17, 25] . This VLA-4/VCAM-1 interaction can be regulated by protein kinase A (PKA) [22] . PKA plays a critical role in shear-dependent cellular responses [4, 5] ; however, the role of PKA in regulating the adhesive state of SSRBCs following exposure to pulsatile shear is not known. The role of PKA in shear dependent cellular processes suggests that variable shear may regulate SSRBC adhesion through a PKA-dependent pathway.
This report describes the first application of a commercial well-plate microfluidic flow adhesion bioassay to study adhesive properties of SSRBCs (both in isolation and in whole blood) during pulsatile flow conditions (Table 1) . A standardized substrate of immobilized VCAM-1 was used to control for variable VCAM-1 expression on cultured endothelium. Incorporating pulsatile blood flow may provide more clinically relevant adhesion data. This well-plate microfluidic flow adhesion bioassay can facilitate the study of SSRBC adhesion in the clinical environment to determine the value of this adhesion data in selecting therapy and predicting clinical outcomes.
Materials and methods

Reagents
Protein kinase A inhibitor (PKA-I) and diamidino-2-phenylindole (DAPI) were obtained from SigmaAldrich (St. Louis, MO), vascular cell adhesion molecule (VCAM-1) from R&D Systems (Minneapolis, MN), and anti-CD71 antibody from Beckman Coulter (Miami, FL).
Patients
Peripheral blood was obtained from patients with homozygous SS SCD (n = 15) presenting to the Pediatric Sickle Cell Clinic in steady state. Patients were between 3 to 18 years of age, were not receiving hydroxyurea therapy, and did not undergo transfusion within 3 months from blood collection. Informed parental consent, or patient assent when indicated, was obtained in accordance with the Declaration of Helsinki. The protocol was approved by the Institutional Review Board at Wayne State University.
Blood preparation
Blood was drawn by venipuncture into 0.109 M sodium citrate and centrifuged at 150 g for 15 minutes at 25
• C to isolate SSRBCs. The SSRBC pellet was separated from the buffy coat and platelet rich plasma. All buffers were pre-warmed to 37
• C prior to use. For flow adhesion assays, SSRBCs (1 × 10 8 cells/mL) and whole blood (1:2 dilution) were diluted in Hanks balanced salt solution (HBSS) supplemented with 1 mM calcium and 1 mM magnesium, 0.3% bovine serum albumin, phenol red, and 20 mM HEPES, pH = 7.4. For PKA inhibition assays, SSRBCs and whole blood were pre-treated with 30 nM PKA-I for 30 minutes.
Flow adhesion assay
Flow adhesion assays were performed with a commercial well-plate micro-fluidic flow adhesion system, Bioflux 1000Z (Fluxion, San Francisco, CA), described in Fig. 1 .
Coating
Microfluidic channels were perfused with 0.02 g/L of VCAM-1 at 2 dynes/cm 2 for 5 minutes. The 24-well plates were incubated at 37
• C for 1 hr. Channels were perfused with HBSS (37 • C) at 5 dynes/cm User-defined flow conditions, including pulse frequency (0-2 Hz), shear stress (1-20 dynes/cm 2 ), and temperature (37 • C), were regulated by an external control unit consisting of an air compressor and electro-pneumatic regulator. Compressed air forced blood samples downward from the input well, through micro-fluidic channels coursing across the bottom surface of the plate, across a common viewing window (350 m width × 75 m height) and ultimately up to a corresponding output well. Digital images were acquired with a high resolution CCD camera (QImaging, Canada).
Pulsatile and non-pulsatile flow conditions
Flow adhesion assays were performed under non-pulsatile (0 Hz) and pulsatile flow conditions (1.0, 1.5, and 2.0 Hz), at a shear stress of 1.0 dyne/cm 2 ( Fig. 2 ). For PKA inhibition experiments, isolated SSRBCs and whole blood were pretreated with vehicle or 30 nM of a PKA inhibitor for 30 minutes and perfused through micro-fluidic channels for 1 or 5 minutes respectively at 1dyne/cm 2 . To assess avidity, adherent SSRBCs were exposed to increasing shear stress conditions (5, 10 and 20 dynes/cm 2 ) for 1 minute and the remaining adherent cells were counted manually.
Staining
Adherent cells were fixed with 4% formalin and stained with anti-CD71 antibody (1:20 dilution) overnight at 4
• C during static conditions. Adherent cells were washed with 1XPBS and stained with DAPI. Bright field and fluorescent images were overlaid and two independent observers quantified each cell type manually. Adherent cells were identified by morphology and specific staining criteria. Cells that were CD71-/DAPI+ or CD71+/DAPI+ were identified as WBCs if the DAPI staining was consistent with a nuclear staining pattern and cell morphology did not have characteristic erythrocyte features (e.g., biconcave disc). Cells that were CD71+/DAPI-or CD71+/DAPI+ with a diffuse non-nuclear DAPI staining pattern were identified as reticulocytes. Cells that were CD71-/DAPI-were identified as mature erythrocytes. Each cycle is shown within the boxed region. The length of each cycle decreases with increasing frequency. During non-pulsatile flow, a constant pressure is applied to the interface to maintain a user-defined shear, 1 dyne/cm 2 . To establish pulsatile flow pressure oscillates from 0 to the pressure required to establish 1 dyne/cm 2 . The grey arrows represent the low shear period of the oscillatory cycle, where we propose many adhesive interactions take place. The number below represents the amount of these low shear periods that occur during the same period. The dashed grey lines represent the slope of the linear region of each oscillation. The slope increases as the frequency increases.
Data acquisition/analysis
Images were acquired with a high resolution CCD camera, in the center of each channel, within the viewing window. Montage imaging software (Molecular Devices, Downington, PA) was used to analyze images. Adherent cells were counted manually.
Static adhesion assay
Isolated SSRBCs (1 × 10 8 cells/mL in HBSS) exposed to pulsatile (1.67 Hz) and non-pulsatile (0 Hz) flow conditions were seeded onto 24-well plates pre-coated with 0.02g/L of VCAM-1, or 0.5% BSA, allowed to adhere for 1 hr at 37
• C, aspirated and washed 3 times with HBSS. Adherent cells were counted manually.
Statistical analysis
Patient demographics and outcome measures were assessed with descriptive statistics, including means with standard error of means for skewed continuous variables. Wilcoxon signed rank tests were used to compare isolated SSRBC adhesion to VCAM-1 under non-pulsatile and pulsatile flow conditions and in the presence of PKA inhibition. SPSS version 21.0 (IBM Inc., Chicago IL 2012) was used for statistical analysis. All tests are two-tailed test. P-value <0.05 was considered statistically significant.
Results
SSRBC adhesion predominates in the post-capillary venules [26, 27, [41] [42] [43] at a shear stress of 1dyne/cm 2 . Shear stress is inversely proportional to SSRBC adhesion [33, 44] thus at lower flow SSRBC adhesion is greater when compared to higher shear stress. Normal resting heart rate for children is variable, ranging from 65-135 bpm from 3 months to 18 years of age [28] . To compare adhesion during non-pulsatile and pulsatile flow conditions at 1dyne/cm 2 , SSRBC adhesion was measured at 0 Hz and 1.67 Hz (100bpm; average heart rate taken from low and high values), respectively. SSRBCs exhibited a broad range of adhesion to VCAM-1 (1 to 295 SSRBCs/mm 2 , median = 51) during non-pulsatile flow. Adhesion was significantly increased in the context of pulsatile blood flow compared to non-pulsatile blood flow (Fig. 3A, Table 2 ). The range of adhesion during pulsatile flow varied from patient-to-patient (22 to 1500 SSRBCs/mm 2 , median = 237). Adhesion during non-pulsatile compared with adhesion during pulsatile flow was significantly increased from 1.02 to 231-fold, p = 0.001.
There is a direct relationship between increasing pulse frequency and low amplitude flow periods per unit time (Fig. 2) . As a result, SSRBC adhesion to VCAM-1 was measured at increasing pulse frequencies. At each pulse frequency tested, SSRBC adhesion increased when compared to nonpulsatile flow of 0 Hz (75.2-fold ± 51.7 at 1.0 Hz; 57.1-fold ± 38.6 at 1.5 Hz; 105.7-fold ± 94.2 at 2.0 Hz; Fig. 3B ).
To determine if PKA influences increased SSRBC adhesion to immobilized VCAM-1 during pulsatile flow, adhesion of SSRBCs pretreated with a PKA inhibitor (PKA-I) was compared to untreated SSRBCs under identical flow conditions. Adherent SSRBCs were exposed to increasing shear stress conditions (5, 10 and 20 dynes/cm 2 ) for 1 minute to assess avidity. SSRBC adhesion to VCAM-1 (Fig. 4A ) was unaffected by PKA inhibition during pulsatile flow (1.59 ± 0.35 fold change, p = 0.209). Additionally, PKA inhibition did not affect the avidity of SSRBC adhesion to VCAM-1 as measured by adherent Fig. 3 . Adhesive interactions of SSRBCs to VCAM-1 increase during pulsatile flow compared to non-pulsatile flow. A) Adhesion of isolated SSRBCs to VCAM-1 (n = 15) was measured during non-pulsatile (0 Hz) and pulsatile (1.67 Hz) flow conditions. A pulse frequency of 1.67 Hz approximates a pulse rate of 100 beats per minute. B) SSRBC adhesion to VCAM-1 was measured during a flow adhesion assay at increasing pulse frequencies (0, 1.0, 1.5, and 2.0 Hz). The dashed line represents the average of the solid lines, which represent separate patients (n = 3). SSRBCs still remaining following exposure to increasingly higher shear stresses (p > 0.05 at each shear stress) (Fig. 4B) .
To further investigate the adhesive properties of SSRBCs during pulsatile flow, static adhesion of SSRBCs to VCAM-1 was measured following exposure to non-pulsatile versus pulsatile shear (Fig. 4C) . There was no significant difference in static adhesion of SSRBCs previously exposed to non-pulsatile versus pulsatile shear (1.3-fold ± 0.18, p = 0.285) (Fig. 4D) .
Since adhesion of isolated SSRBCs to VCAM-1 was increased during pulsatile flow, SSRBC adhesion to VCAM-1 was also evaluated in the context of whole blood. Adhesion of whole blood components (SSRBCs, reticulocytes, and white blood cells) increased during pulsatile blood flow compared to nonpulsatile blood flow (3.37-fold ± 0.32; Fig. 5A , Table 3 ). PKA inhibition had minimal affect on whole blood adhesion during pulsatile flow (1.07-fold ± 0.04; Fig. 5A ). Adherent cells were fixed and stained to identify the cell population adhering to VCAM-1 during non-pulsatile and pulsatile flow conditions. The total number of adherent cells increased during pulsatile flow (1.65-fold ± 0.63). This increase was mediated by multiple cell types, and the cell types responsible for the increased adhesion during pulsatile flow varied from patient to patient (Fig. 5B) . Reticulocytes and mature SSRBCs accounted for 72% and 25%, respectively, of the adherent cell population during non-pulsatile flow and 60% and 39%, respectively, of adherent cells during pulsatile flow in patient 12 ( (Fig. 5B) . 
Discussion
In this report, we utilize a commercially available microfluidic flow adhesion system to measure SSRBC adhesion during pulsatile versus continuous flow. These findings are significant for several reasons. First, SSRBC adhesive properties may be significantly underestimated by in vitro adhesion assays that utilize non-pulsatile flow. Secondly, in vitro SSRBC adhesion during pulsatile flow conditions reflect in vivo adhesive interactions. Finally, the microfluidic flow adhesion assay described in this study can facilitate standardized clinical assessment of SSRBC adhesion.
The average shear SSRBCs experience during pulsatile flow is less than 1 dyne/cm 2 since shear varies between a maximum of 1 dyne/cm 2 and a minimum approaching 0 dyne/cm 2 . Previous studies have demonstrated an inverse relationship between SSRBC adhesion and average shear [33, 44] , thus we were interested in the relationship between the maximum shear stress on adhesion during constant and pulsatile flow conditions. We observed increased adhesive interactions of isolated SSRBCs (Fig. 3A) and whole blood (Fig. 5A) to VCAM-1 during pulsatile flow versus continuous flow. The cell type responsible for increased adhesion varied from patient to patient in whole blood. For example, reticulocytes comprised the majority of adherent cells during non-pulsatile and pulsatile flow for patients 12 and 13 (Fig. 5B) . Patient 13 had the highest reticulocyte count (Table 3 ) and the greatest number of reticulocytes adhering to VCAM-1 during non-pulsatile and pulsatile flow when compared to patients 12 and 15. Patient 15 had the greatest amount of total cell adhesion during pulsatile flow, comprised almost exclusively of mature SSRBCs and <25% reticulocytes and WBCs. The robust adhesion of mature SSRBCs in patient 15 would not necessarily be predicted by adhesion of isolated SSRBCs (237 SSRBCs/mm 2 ), since isolated SSRBC adhesion was greater in both patients 12 and 13 (378 and 588 SSRBCs/mm 2 , respectively). These data suggest that adhesion of SSRBCs in the context of whole blood may be considerably different than adhesion of isolated SSRCs, and assessment of whole blood adhesion may provide more insight into the vaso-occlusive risk. These data illustrate the well-described patient-to-patient variability in SSRBC adhesion [20] , and suggest a potential role for an adhesion bioassay to distinguish between SCD patients, predict disease severity, and determine subsequent therapy.
VLA-4 on mononuclear cells and reticulocytes [17, 25, 38] mediate greater cell tethering and rolling to VCAM-1 during low shear conditions (0.36 dynes/cm 2 ) [1] . Although a higher surface concentration of VLA-4 gives reticulocytes a greater adhesive advantage during continuous flow [38] , reticulocytes are only a small component of whole blood compared to mature erythrocytes. As a result, even slight increases in adhesion of mature erythrocytes during low flow periods of the pulsatile flow cycle can significantly increase the total number of adherent cells [33] (Fig. 6 ). This is extremely important to note in patients 12 and 15 where mature SSRBC adhesion accounts for 39% and 79% of the adhesion present during pulsatile flow, respectively (Fig. 5B) .
Previous studies have shown that shear stress can modulate cellular adhesion to the endothelium via intracellular signaling [39] , thus it seemed plausible that pulsatile shear forces could augment cell adhesion by mechanically activating biochemical signals. Inhibition of PKA, a major regulator of SSRBC adhesive properties [20] , had no affect on adhesion during pulsatile flow in isolated SSRBCs or whole blood (Fig. 4A and 5A ). There was also no difference in the intrinsic adhesive properties of SSRBCs exposed to pulsatile shear compared to continuous shear (Fig. 4D) . Thus, it is unlikely that adhesion during pulsatile flow significantly depends on mechanically induced biochemical signals.
The study of SSRBC adhesion during continuous flow has contributed to the growing pipeline of SCD anti-adhesive therapies currently in clinical trials [8, 9, 23, 24, 47] . There are no universally accepted standardized bioassays to measure SSRBC adhesive properties. The current laboratory-specific approaches to assessing adhesive properties are too variable to determine a standardized normal, low, and high range for SSRBC adhesion. For example, in studies where contact between SSRBCs and their corresponding substrates are initiated during continuous flow [19, 20] , the degree of patient adhesive interactions may be underestimated. This may be particularly relevant in the context of less avid interactions. For example, P-selectin mediates weak interactions between the endothelium, and both SSRBCs, and WBCs [12, 13, 32] . Pulsatile flow conditions may increase the opportunities for selectin-mediated interactions beyond that observed in previous studies of P-selectin-SSRBC interactions during continuous flow [32] . In studies where SSRBC adhesion is initiated during static conditions and continuous flow subsequently introduced, the degree of adhesion may be overestimated due to the prolonged static contact (approximately 10 minutes) with the adhesive substrate [29] . A standardized clinical bioassay may help providers understand an individual's risk for vascular occlusion and monitor response to the growing number of anti-adhesive therapies in clinical trials [8, 9, 23, 24, 47] . Studies to determine if clinical predictive value of pulsatile flow adhesion bioassay described in this report are ongoing in our laboratory.
The well-plate based microfluidic flow adhesion bioassay described in this report may provide a platform to incorporate adhesive properties of mature SSRBCs, reticulocytes, as well as WBCs into a clinical bioassay for preclinical anti-adhesive drug testing, and longitudinal assessment of patient response to anti-adhesive therapy. The low sample volume and reagent consumption, automation, high throughput, and decreased assay time (Table 1 ) make this platform well suited for clinical application when compared to earlier flow adhesion systems. Overall, the well-plate based microfluidic flow adhesion bioassay described here offers a physiologically relevant platform to study adhesion in SCD as well as other areas of cell biology and drug discovery.
